[1] We have compared volume mixing ratio profiles of atmospheric trace gases measured by the Atmospheric Chemistry Experiment (ACE) version 2.2 and the MkIV solar occultation Fourier transform infrared spectrometers. These gases are H 2 O, O 3 , N 2 O, CO, CH 4 , HNO 3 , HF, HCl, OCS, ClONO 2 , HCN, CH 3 Cl, CF 4 , CCl 2 F 2 , CCl 3 F, COF 2 , CHF 2 Cl, and SF 6 . Due to the complete lack of close spatiotemporal coincidences between the ACE occultations and the MkIV balloon flights, we used potential temperatures and equivalent latitudes from analyzed meteorological fields to find comparable ACE and MkIV profiles. The results show excellent agreement for CH 4 , N 2 O, and other long-lived gases but slightly poorer agreement for shorter-lived species like CO, O 3 , and HCN. For example, in the upper troposphere (∼400-650 K), maximum differences between MkIV and ACE are 2.4% for CH 4 , 1.7% for N 2 O, −12.4% for CO, −15.9% for O 3 , and −5.6% for HCN. In the lower stratosphere (∼650-900 K), maximum MkIV-ACE differences are 7.6% for CH 4 , 14.1% for N 2 O, 7.3% for CO, −9.2% for O 3 , and 31.5% for HCN. Apart from a small vertical misregistration problem, the overall agreement between MkIV and ACE is very good.
1. Introduction
ACE-FTS
[2] The Atmospheric Chemistry Experiment (ACE) on board SCISAT-1 of the Canadian Space Agency is a solar occultation Fourier transform spectrometer (ACE-FTS). ACE was launched on 12 August 2003 into a 74°inclina-tion, circular, 650 km altitude, Earth orbit, providing coverage that focuses on the polar regions. Coverage of the lower latitudes is relatively sparse (see Figure 1) . Also, around the solstices, the spacecraft never enters the shadow of the earth and so there are no occultations. There are ∼29 occultation events per day (∼10,000/year), but not all of these could be telemetered back to Earth, especially in the first year of the ACE mission.
[3] ACE-FTS operates in the mid infrared range (750-4400 cm −1 ) with a spectral resolution of 0.02 cm −1 (25 cm maximum optical path difference, OPD). It measures a large number of atmospheric trace gas species with a vertical resolution of 3-4 km from the cloud tops to about 150 km. A detailed description of the ACE mission is provided by Bernath et al. [2005] . A description of ACE data analysis methods is provided by Boone et al. [2005] .
JPL MkIV Balloon-Borne Interferometer
[4] The JPL MkIV interferometer is a balloon-borne solar occultation FTIR spectrometer [Toon, 1991] . It was designed and built at the Jet Propulsion Laboratory, based on the ATMOS instrument [Farmer, 1987] . The MkIV covers the entire 650-5650 cm −1 region simultaneously at 0.01 cm −1 spectral resolution (56 cm maximum OPD). The JPL MkIV interferometer has performed 21 balloon flights since 1989. Flights are of 6-30 h duration depending on float winds. Each provides one or two occultation events covering altitudes from the cloud tops to the balloon (35-40 km) at 2-4 km vertical resolution. MkIV data analysis methods are summarized by Sen et al. [1996] . The MkIV has an established validation heritage that includes instruments on the UARS in the 1990s [Russell et al., 1996] , ILAS-1 [Nakajima et al., 2006] and ILAS-2 [Irie et al., 2006] , in situ sensors on board NASA ER-2 aircraft [Toon et al., 1999] , POAM3 [Randall et al., 2002] and MLS on AURA [Froidevaux et al., 2006] (for a complete list, please refer to: http://mark4sun.jpl.nasa.gov/paper.html).
Review of Prior ACE Validation
[5] ACE products have been validated extensively using instruments from different platforms. As an example, De Mazière et al. [2008] provided a thorough validation of ACE CH 4 products using measurements from ground-based FTSs, the balloon-borne instrument SPIRALE [Moreau et al., 2005] and satellite instruments MIPAS and HALOE. Carleer et al. [2008] augmented satellite comparisons of H 2 O with LIDAR and frost point hygrometer data (see http://www. ace.uwaterloo.ca/publications.html for the validation papers). However, most of the validation efforts focused on comparisons with other satellite instruments or comparisons with instruments that use different techniques [see also Walker et al., 2005] . There has so far been no ACE validation performed by another solar occultation FTS.
[6] The MkIV instrument is ideally suited instrument for ACE validation since it measures the same gases in the same spectral regions using the same technique (i.e., solar occultation spectrometry). However, to date, the MkIV balloon profiles have not been used much for ACE validation. This is because all the MkIV flights performed since ACE launched (2003) have been from Fort Sumner, New Mexico (35°N), in late September, which unfortunately falls in a gap in the ACE coverage (see Figure 1) . The ACE occultations at this time are either at 80°N or 60°S and therefore far from 35°N. The closest ACE measurements at similar latitudes are 2-3 weeks later than those of MkIV and therefore fail any normal sort of a coincidence criterion. Therefore, directly comparing MkIV and ACE profiles must be done very carefully.
[7] The choice of the late September period for MkIV balloon flights is because this is when the stratospheric wind changes from Easterly to Westerly. During this so-called turn-around period, the light float winds make it possible to perform flights of up to 30 h duration with the balloon remaining within telemetry range. The late-September turnaround is preferred to the one in early May because it is more predictable [Wunch et al., 2005] and because the surface winds are usually lighter.
Methods
[8] In this section, we describe a method of noncoincident validation using, as an example, CH 4 from the September 2005 MkIV flight. In this study, we used the ACE version 2.2 profiles with updates to O 3 . We do not claim that this method is new. The benefit of using a Potential Vorticity/ Potential Temperature (PV/Theta) coordinate system for assimilating/comparing data sets has been understood for years [e.g., Lait et al., 2004; Manney et al., 2001] . But to the best of our knowledge, this is the first time that this technique has been applied to the ACE or MkIV data sets. Alternative methods to validate noncoincident measurements exist; for example, Hegglin et al. [2008] used tracertracer correlations and vertical tracer profiles relative to tropopause height and showed that the latter method reduced geophysical noise in the UT/LS region (within 6 km of the tropopause). The MkIV profiles, however, extend up to 38 km altitude for many gases and so we did not want to restrict the comparison to the UT/LS altitudes only. Therefore, we present a different approach in this study.
[9] Figure 2 (top) shows a comparison of a single MkIV CH 4 profile (colored squares) with more than 30 ACE profiles acquired within 6°of latitude and 6 weeks of the MkIV profiles. There is a wide spread of ACE VMRs in the stratosphere. The ACE zonal mean (black dashes) agrees poorly (up to 20% differences) with the MkIV profile. Both the MkIV and ACE data in Figure 2 are colorcoded by their Equivalent Latitude (EqL), calculated using the procedures described by Manney et al. [2007] . EqL is calculated from the potential vorticity (PV) field on isentropic surfaces; the EqL of a given PV contour is the latitude that would encompass between it and the pole the same area as is enclosed by the PV contour. Because PV on isentropic surfaces can be regarded as a tracer of atmospheric motions, different EqL values distinguish air with different origins. It can be seen that the MkIV observations match well the ACE observations of the same color/EqL. This suggests that a method of comparing MkIV and ACE observations on the basis of EqL and potential temperature () would do much better than one based on true latitude and altitude.
[10] Therefore, a method of noncoincident validation was developed. For each MkIV observation at a certain potential temperature ( m ) and equivalent latitude (EqL m ), we determined the corresponding ACE VMR by fitting a surface to the ensemble of ACE data as a function of and EqL and then performing interpolation on this surface to the exact location ( m , EqL m ) of the MkIV observation. More specifically, the ACE data are represented by the first-order Taylor expansion
in the immediate vicinity of a MkIV observation. The index i represents different ACE observations. The three unknowns, Y 0 , a, and b were then obtained by minimizing the cost
where Y i = CH 4 VMR for the ith ACE observation, " i = uncertainty in Y i (the ACE-supplied uncertainty), Y 0 , a, b = coefficients to be determined, and w i = weights given for each ACE observation. Note that the Y 0 = Y( m , EqL m ) is simply the value of the surface fitted to the ACE data at the coordinates of the MkIV observation, the quantity that we are seeking. The weights (w i ) depend on the closeness (in -EqL space) of the ACE and MkIV observation locations, and are given by
[11] So the weights are ∼1 for ACE measurements within D and DEqL of the MkIV observation but fall off rapidly outside this range. The D and DEqL criteria used here are 10 K and 4°, respectively. A D of 10 K is chosen so that the weighting function's full width at half maximum (FWHM ∼40 K) in the stratosphere would still overlap with the ACE vertical resolution. A DEqL of 4°means that the weighting function has a FWHM of ∼8°. This roughly corresponds to the ensemble of equivalent latitudes that the MkIV samples during its flight (Figure 3 ). Without this weighting, the ACE points that are most distant from the MkIV observation would have the most leverage in determining the slope of the fitted surface. This weighting has been applied to all ACE data within the 6 week criteria. This time interval still falls within the stratospheric lifetime of CO, which is a suitable tracer. Minschwaner et al. [2010] showed that on average, the production lifetime of CO is 40-60 days throughout most of the sunlit stratosphere and mesosphere. The loss lifetime is about 10-60 days at midlatitudes in September [Minschwaner et al., 2010, Figure 9] . These numbers are consistent with the findings of Rinsland et al. [2000] , where the CO lifetime at 800 K from 20°N to 35°N are reported to be 40 days. Moreover, the time scales for "nonconservative" changes in EqL and theta are primarily related to the diabatic descent rates. Their time scales are shortened at times and places where there is strong diabatic descent such as the fall/winter high-latitude regions, and more in the upper to middle stratosphere than lower down where descent rates are always lower. The MkIV and ACE measurements compared in this work are at a time (Sept) and place (35°N) where diabatic descent rates are small; hence the approximation of conservation of EqL and theta in an air mass over a period of even six weeks should be a good assumption. Note that all the Y values in all the equations above represent ACE VMRs. No use has been made yet of the MkIV VMRs-only the locations of the MkIV observations ( m , EqL m ) have been used so far.
[12] Y 0 , a and b are obtained using the method of weighted least squares. This is done independently for each MkIV point. We could have fitted a single surface to the entire ensemble of ACE measurements, but this would have been a complicated and nonlinear function. Instead we have assumed that the ACE data are locally linear functions of and EqL in the vicinity (D, DEqL) of each MkIV data point, so the three-parameter least squares solution is straightforward, requiring no iteration. We have no interest in the retrieved values of a and b. We fit these parameters only to minimize potential biases in Y 0 arising from any asymmetry in the distribution of ACE measurements in -EqL space about the MkIV observations.
[13] Results of this method for the CH 4 case are shown in Figure 2 (bottom). The zonal mean (black dashed line) deviates from the MkIV measurements at altitudes above the 800 K theta level. However, the resampled (i.e., interpolated )/VMR ave )*100%, where VMR ave is the average VMR from ACE and MkIV.
[14] Figure 3 shows the EqL and of the MkIV observations (green) superimposed on those of the selected subset of ACE observations, i.e., taken within ±6 weeks and 6°of latitude of the MkIV measurements (no constraint was applied to the longitudes). Figure 3 shows that, in terms of EqL and , the MkIV measurements are well represented by the selected subset of ACE measurements; that is, there are no MkIV points outside the region of EqL and space occupied by ACE data. Although the ACE occultations during sunset (open squares) happened after the MkIV flight, they are very much evenly scattered in terms of equivalent latitude.
[15] A more complicated expression for the surface fitted to the ACE data was tried in which a fourth unknown g was added representing the cross term between and EqL
This allows some curvature of the fitted surface. This equation is analogous to that used for bilinear interpolation. But we found no significant improvement in the quality of the fits using equation (4) compared with equation (2), indicating that the curvature of the surface fitting the ACE data within [D, DEqL] of the MkIV observations is small. We therefore used the simpler equation (2) for the analysis described below.
Results and Discussion
[16] We have applied the noncoincident validation method discussed above to 18 atmospheric gases and will provide a short discussion in this section. The plots of selected gases shown in Table 1 summarizes the percentage biases for three atmospheric layers: 400-650 K, 650-900 K and 900 K up to the highest useable MkIV and ACE value (defined as positive VMR values with uncertainties less than 50%). The uncertainties of the biases in percent are given in the "Error" column.
[17] For most gases, the differences between MkIV and ACE for 2004 are slightly larger than for 2005. We attribute this to: (1) more ACE data used for the 2005 comparison, (2) the ACE data for 2004 were solely sunrise measurements and (3) the ACE measurements for 2004 were all taken 6 weeks before the MkIV flight (see Figure 3) .
CH 4
[18] De Mazière et al. [2008] reported a CH 4 validation accuracy within 10% in the upper troposphere to lower stratosphere and within 25% in the mid and higher stratosphere to the lower mesosphere. With our noncoincident method, we show an agreement better than 5% between ACE and MkIV from the upper troposphere to the midstratosphere and within 10% in the mid to upper stratosphere (Figure 2 , inset, and Figure 4) 2010]. Second, there are large vertical gradients in H 2 O which cause any intercomparison to be susceptible to vertical misregistration (error in altitude) of the data sets and to differences in vertical resolution (especially at the hygropause). So it should be no surprise to see MkIV/ACE differences of up to 20% below the hygropause ( Figure 5 ). In the stratosphere, where H 2 O is much longer lived and has much smaller vertical gradients, the agreement is much better with differences generally <5%. Carleer et al. [2008] compared ACE H 2 O data with SAGE II, HALOE, POAM III, MIPAS and Odin SMR. They found that the difference between ACE H 2 O profiles and that of the other instruments were about ±20% in the upper troposphere and better in the stratosphere.
O 3
[20] Dupuy et al. [2009] presented an extensive bias determination analysis of ozone observations from the ACE satellite instruments (FTS, MAESTRO). They compared the Ozone version 2.2 updated products with coincident observations from nearly 20 satellite, airborne, balloonborne and ground-based instruments. MkIV data were not included in the comparison, probably due to the strict coincidence criteria the MkIV data would have not fulfilled during the comparison period (2004) (2005) (2006) . Dupuy et al. [2009] stated that the ACE-FTS version 2.2 O 3 updated products report more O 3 than most correlative measurements from the upper troposphere to the lower mesosphere. At altitude levels from 16 km to 44 km, the average values of the mean relative differences are nearly all within +1% to +8%. These values are consistent with the O 3 comparisons presented here (Figure 6 ). Above 600 K (∼24 km), MkIV and ACE O 3 have differences ranging from about −1% to −10%, with better agreement for 2005, probably due to more ACE data. The ACE O 3 is consistently larger than the MkIV O 3 values, consistent with the observations presented by Dupuy et al. [2009] .
N 2 O
[21] ACE-FTS N 2 O measurements have been validated by Strong et al. [2008] using profiles from satellite measurements (SMR, MLS, MIPAS), aircraft (ASUR), balloon (SPIRALE, FIRS-2) and partial columns from groundbased FTIR spectrometers. Satellite comparisons at 6 km to 30 km yielded a mean absolute difference of ±15%. Strong et al. [2008] also showed that ACE-FTS measurements are consistently smaller than the SPIRALE balloon-borne measurements between 17 km to 24 km, with relative differences of up to 19%. ACE-FTS also had a low bias relative to the balloon-borne measurements of FIRS-2 between 11 km to 13 km. Below 20 km, Strong et al. [2008] showed that the relative differences between ACE and SPIRALE measurements range from −6% to +17%.
[22] Comparisons with the MkIV measurements in this study (Figure 7 ) show some consistency with the results of Strong et al. [2008] . Overall, the agreement here is very good up to about 27 km, above that, MkIV measurements were higher than ACE in 2004 and lower than ACE in 2005. In 2004, the differences from this study are within 10% below ∼27 km and within 20% below ∼38 km for 2004. For 2005, the relative differences are within 10% or better than 4% at ∼17 km to about 27 km. The comparison for the 2005 flight was better because ACE measurements for 2004 were taken 6 weeks after the MkIV flight. Although the MkIV equivalent latitude (EqL) values fall within the ACE EqLs, MkIV VMRs at altitudes of 700 K to 1100 K are at the edge of the ACE VMR distribution. This probably led to the relatively larger differences.
3.5. HCl, HF, ClONO 2 , COF 2 , and HNO 3
[23] Photolysis of man-made chlorofluorocarbons (CFC) in the stratosphere leads to the release of chlorine and fluorine atoms. This results in the formation of reservoir gases like HF, HCl, COF 2 and ClONO 2 . These molecules have VMR profiles that increase with altitude in the lower and middle stratosphere. Their long lifetimes should also mean that ACE and MkIV profiles would agree better compared to profiles of gases that have shorter lifetimes. However, we see a strong negative MkIV-ACE bias for these gases in contrast to positive MkIV-ACE biases for gases that decrease in altitude, indicating vertical shifts in the retrieved profile.
[24] Mahieu et al. . They showed that above 20 km, ACE and MkIV HCl profiles are in good agreement (to better than ±7%) but differences become extremely large below 17 km. ACE also measured systematically higher HCl than FIRS-2 (20% to 60%) at 12 to 31 km for the Arctic comparison done by Mahieu et al. [2008] . However, they stated that the large discrepancies may have been influenced by the presence of polar stratospheric clouds (PSCs). In this comparison, ACE also shows consistently larger HCl values than the MkIV (Figure 8 ). For 2005, the relative differences range from approximately 0% to −10%. For 2004, most of the relative differences are within 0% to 10% as well, except for the region around 700 K (between 24 and 30 km) where ACE measures up to 20% more HCl than MkIV. In this altitude region, a "fold" in the profile can also be observed. It is more prominent in the ACE profile's zonal mean compared to the MkIV and the "ACE Fit" profile.
[25] Comparisons with HF zonal means from ACE with MkIV done by Mahieu et al. [2008] reported relative differences of about 10% above 19 km, with ACE profiles biased high. The same bias was shown by Mahieu et al. [2008] for comparisons with FIRS-2 and HALOE HF profiles. These findings are consistent with the results shown here, with ACE HF always larger in values (up to 30%) compared to MkIV above 500 K (Figure 9 ).
[26] Wolff et al. [2008] compared ACE and MIPAS ClONO 2 profiles. In their results, ACE reported smaller values (<5%) than MIPAS at nearly all altitudes and above 27 km, the differences increase to around 30%. In contrast, we observe here that below the ClONO 2 peak, ACE consistently reported more ClONO 2 than MkIV (Figure 10 ). This bias is consistent with the bias found for the HF and HCl comparisons with MkIV.
[27] The COF 2 comparisons in this work show a consistently higher ACE bias below 24 km only for 2005 (Figure 11 ). For COF2 (and several other weakly absorbing gases), the Version 2.2 ACE profiles extend only up to = 850 K. Above this level, the gray shaded band represents the scaled ACE a priori profile, not a retrieval.
[28] HNO 3 validation done by Wolff et al. [2008] showed that ACE HNO 3 VMR profiles in the Arctic are typically larger (28%) than SPIRALE VMRs. ACE and FIRS-2 relative differences oscillate between −55% to +50% and are typically 20%. However, they reported that SPIRALE and FIRS-2 were affected by PSC and may have seen local denitrification. Our comparisons here show that MkIV and ACE HNO 3 differences oscillate between −20% and 20% above 500 K, with differences reaching 40% below 500 K (Figure 12 ). For 2004, ACE measures distinguishably less HNO 3 at the peak of the profile around 600 K (∼24 km). 3.6. CFC-11 (CCl 3 F) and CFC-12 (CCl 2 F 2 )
[29] Mahieu et al.
[2008] compared CFC-11 from ACE with FIRS-2 measurements and found that ACE measures slightly lower (10%) CFC-11 from 12 km to 16 km. They reported the same scenario when they used ACE zonal mean profiles compared to MkIV profiles above 12 km measured in Fort Sumner. From the technique we used in this study, the resulting differences are better than 20% between ACE and noncoincident MkIV profiles at ∼17 km to 24 km, with ACE systematically lower than MkIV, similar to the Mahieu et al. [2008] comparisons. For CFC-12 comparisons with FIRS-2, Mahieu et al. [2008] found similar results with their comparisons for CFC-11, yielding maximum differences on the order of 10% (ACE biased low). We also find the same ACE bias in this study (Figures 13 and 14) .
HCN
[30] HCN is mostly a product of incomplete combustion from biomass burning. It has a lifetime of more than 10 years in the lower stratosphere below 30 km [Kleinböhl et al., 2006] . This long lifetime means that the variability induced by HCN sources would still be observable in the upper troposphere and stratosphere. Pumphrey et al. [2008] , observed a 2 year cycle of HCN in the stratosphere using MLS and ACE data. For our MkIV comparison, ACE data could be used up to 26 km. MkIV and ACE profiles both capture the same HCN structure (Figure 15 ). Considering the long lifetime of HCN, it is not surprising that both instruments would capture the same features of the profile. The profiles agree to within 15% from 400 K to about 650 K (∼17 to 26 km), especially after using the recent updates to HITRAN according to Kleinböhl et al. [2006] . For 2004, the differences are mostly better than 10% from 400 K to 650 K. Differences become large above and below these altitudes.
CO
[31] CO is another trace gas that has its main source in the troposphere from direct anthropogenic and biomass burning emissions. It has a lifetime of a few weeks to months in the troposphere. Its main sink is its reaction with OH. In the stratosphere CO is produced from oxidation of hydrocarbons including methane. Clerbaux et al. [2008] used coincident measurements and reported an agreement of better than 22% (at 14 km to 20 km) between ACE and SPIRALE CO measurements in the Arctic. Here, we see about the same agreement below 24 km. Although there are differences in the CO profiles of ACE and MkIV (shown in Figure 16 ), they both capture the structure of the CO profile up to about 800 K (∼30 km). Above 30 km ACE systematically measures less CO than MkIV (by up to 20% at 35 km altitude). Given the time difference between the MkIV and ACE measurements, these large discrepancies in the stratosphere may be in part due to seasonally dependent CO production in the stratosphere such as from CH 4 oxidation. Note that although all the MkIV EqL values fall within the ACE EqL values, the ACE measurements for 2004 were all taken after the MkIV flight and none before the MkIV flight, This explains the larger spread in the ACE data in the stratosphere for 2005 compared to 2004 (gray shaded area). Velazco et al. [2007, Figure 6] showed that at high latitudes, the summer-to-fall CO amount in the stratosphere can be dominated by the contribution from CH 4 oxidation at around 18-26 km and that this contribution can vary by ∼7% from around July to around October.
3.9. SF 6 , OCS, CF 4 , CH 3 Cl, and CHF 2 Cl
[32] Sulfur hexafluoride (SF 6 ) is industrially produced and used as an insulating gas in high-voltage electrical and electronic equipment. SF 6 is the most potent greenhouse gas with a global warming potential of 22,800 times that of CO 2 when compared over a 100 year period [Intergovernmental Panel on Climate Change, 2007]. Rinsland et al. [2005] evaluated SF 6 trends from ACE and ATMOS measurements which indicated a continued rapid rise in the SF 6 lower stratospheric accumulation. Between 1985 and 1994, SF 6 increased by a factor (2.205 ± 0.211). Between 1985 and 2004 it increased by a factor (4.197 ± 0.394). These increases were found to be consistent with surface measurements. Figure 17 shows SF 6 VMRs measured from MkIV and compared with ACE. Figure 17 is limited to the 350 K to 550 K (12-23 km) altitude range for clarity. Using the method described here, both measurements agree well (within ±15%) from about 350 K to 450 K (∼12-19 km) for both years. SF 6 above 18 km is very difficult to measure because of large errors arising from the weakness of the SF 6 absorption. The ACE SF6 increases with altitude exceeding 9 ppt by 21 km altitude. The MkIV profiles show a more constant profile, decreasing from about 6 ppt at 12 km to 5 ppt at 22 km. Rinsland et al. [1990] showed SF 6 errors ranging from 10% below 15 km to 40% above 20 km.
[33] OCS is considered to be a major source of stratospheric sulfate aerosol during periods of volcanic quiescence. Notholt et al. [2003] used MkIV OCS profiles, together with other data sets to study the impact of OCS on the stratospheric sulfate aerosol layer. Biomass burning is also an important source of OCS as reported by Rinsland et al. [2007] using ACE data. However, OCS profiles from MkIV and ACE have not been compared before. Here, we show comparisons of MkIV and ACE Carbonyl sulfide (OCS) profiles (Figure 18 ). Measurements indicate a ∼15% bias at all altitudes with MkIV producing larger VMRs.
[34] Another potent greenhouse gas, carbon tetrafluoride (CF 4 ) has 7,390 times more greenhouse warming potential than CO 2 on a per molecule basis over a 100 year time horizon [Intergovernmental Panel on Climate Change, 2007]. Anthropogenic CF 4 emission is a byproduct of primary aluminum production. It has a very long atmospheric lifetime and has an increasing abundance in the atmosphere. Figure 19 shows MkIV and ACE CF 4 profiles. Measurements from both instruments agree well and are close to or within 10% above 500 K to 1200 K (see also Table 1 ).
[35] Methyl chloride (CH 3 Cl) sources are believed to be located mostly in tropical and subtropical terrestrial regions with primary emissions from biomass burning, oceans, and the biosphere, however, large uncertainties remain in its budget [World Meteorological Organization, 2006] . Comparisons for this gas are shown in Figure 20 . Differences between MkIV and ACE are within ±30%, with ACE measuring consistently more below 450 K for both years. We also show comparisons of CHF 2 Cl (HCFC-22), a gas once used an alternative to CFC-11 and CFC-12 (Figure 21 ). MkIV-ACE measurements of HCFC-22 have differences within ±20% below 550 K. Above 600 K, no ACE data were used (very large errors or no measurements).
Summary and Conclusions
[36] ACE and MkIV profiles compare well using the method we have described, especially for long-lived gases. Because we take into account equivalent latitudes and potential temperature, this method of validation can meaningfully compare measurements of trace gas profiles that validation schemes using strict spatial and temporal coincidence criteria would reject. In the examples presented, the compared ACE and MkIV observations differed by more than six weeks and 180 deg of longitude and up to 10 degrees of latitude.
[37] Although ACE and MkIV are very similar instruments measuring in almost the same spectral regions, the microwindows used for the retrieval of profiles are different in some cases. This could lead to differences in the retrieved profiles if there are inconsistencies in the spectroscopic parameters. This could be the case for O 3 and OCS.
[38] An interesting feature present in both the ACE and MkIV data is a "fold" in the VMR profiles of the long-lived tracers at ∼700 K. This is characterized by a reduction (or reversal) of the normal vertical VMR gradients. The fact that this feature appears in both MkIV and ACE data sets, and is present in both years (2004/2005) suggests that it is a robust feature at 35°N in September. Indeed, inspection of MkIV balloon profiles from earlier years (before the launch of ACE), shows this fold to be present most years. At this point in time, this feature is still unexplained.
[39] We also point out the likelihood of a vertical misregistration in the retrieved profiles. For gases that are decreasing with altitude, e.g., N 2 O, there seems to be a tendency for the MkIV VMRs to be larger than those of ACE. Conversely, for gases whose VMR increases with altitude, such as HF, SF 6 , HCl, COF 2 , O 3 and HNO 3 below 600 K (∼24 km altitude), the MkIV VMRs are generally smaller than those from ACE (see also Table 1 ). This is suggestive of errors in the altitudes (or potential temperatures) from one or both instruments. However, given the limited amount of data, it is not yet possible to precisely determine this error. For some gases (e.g., HF) this appears to be the main source of disagreement.
[40] Another potential cause of disagreement is the slightly different vertical resolution of the two instruments. For ACE, the vertical resolution is limited mainly by the external field of view which, projected onto the limb, subtends 3.5 km at the tropopause to 4.0 km in the upper stratosphere. The MkIV FOV is smaller (<2 km) and so the MkIV vertical resolution tends to be limited by the separation of successive tangent altitudes, which vary from <1 km immediately below the balloon to 3 km in the lower stratosphere. The net result of this is that, despite the limiting factors being different, the MkIV and ACE vertical resolutions are very similar (3-4 km). We have therefore ignored the small differences in averaging kernels during the comparison. [41] Although the MkIV profiles do not satisfy the strict coincidence criteria for ACE validation, they are still very useful and they should be used, at least for long-lived gases whose VMR is conserved in a -EqL space. We have showed that despite the limited number of occultation measurements of the balloon-borne MkIV instrument, these high-precision measurements are still very much applicable for satellite validation with the help of derived meteorological products and a simple scheme to resample the satellite measurements in -EqL space to the location of the balloon observations. In this study, we therefore note the relevance of future balloon flights for satellite validation.
